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Property-biological response relationshipWithin the general aim of finding affordable and sustainable regenerative solutions for damaged and dis-
eased tissues and organs, significant efforts have been invested in developing synthetic alternatives to
natural bone grafts, such as autografts. Calcium phosphate (CaP) ceramics are among widely used syn-
thetic bone graft substitutes, but their mechanical properties and bone regenerative capacity are still out-
performed by their natural counterparts. In order to improve the existing synthetic bone graft substitutes,
it is imperative to understand the effects of their individual properties on a biological response, and to
find a way to combine the desired properties into new, improved functional biomaterials. To this end,
we studied the independent effects of the chemical composition and surface microstructure of a poly(lac-
tic acid)/hydroxyapatite (PLA/HA) composite material on the proliferation and osteogenic differentiation
of clinically relevant bone marrow-derived human mesenchymal stromal cells (hMSCs). While the molec-
ular weight of the polymer and presence/absence of the ceramic phase were used as the chemical vari-
ables, a soft embossing technique was used to pattern the surfaces of all materials with either pits or
pillars with identical microscale dimensions. The results indicated that, while cell morphology was
affected by both the presence and availability of HA and by the surface microstructure, the effect of
the latter parameter on cell proliferation was negligible. The osteogenic differentiation of hMSCs, and
in particular the expression of bone morphogenetic protein 2 (BMP-2) and osteopontin (OP) were signif-
icantly enhanced when cells were cultured on the composite based on low-molecular-weight PLA, as
compared to the high-molecular-weight PLA-based composite and the two pure polymers. The OP
expression on the low-molecular-weight PLA-based composite was further enhanced when the surface
was patterned with pits. Taken together, within this experimental set up, the individual effect of the
chemistry, and in particular of the presence of CaP, was more pronounced than the individual effect of
the surface microstructure, although their combined effects were, in some cases, synergistic. The
approach presented here opens new routes to study the interactions of biomaterials with the biological
environment in greater depths, which can serve as a starting point for developing biomaterials with
improved bioactivity.
Statement of Significance
The aim of the this study was to obtain insight into independent effects of the chemical composition and
surface microstructure of a poly(lactic acid)/hydroxyapatite (PLA/HA) composite material on the mor-
phology, proliferation and osteogenic differentiation of clinically relevant bone marrow-derived human
mesenchymal stromal cells (hMSCs). While the need for synthetic alternatives for natural bone in bone
regenerative strategies is rapidly increasing, the clinical performance of synthetic biomaterials needsicht, The
L. Sun et al. / Acta Biomaterialia 42 (2016) 364–377 365to be further improved. To do this successfully, we believe that a better understanding of the relationship
between a property of a material and a biological response is imperative. This study is a step forward in
this direction, and we are therefore convinced that it will be of interest to the readers of Acta
Biomaterialia.
 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.1. Introduction
With a growing need for affordable regenerative strategies for
damaged and diseased organs and tissues, recent research efforts
have strongly focused on developing smart or instructive synthetic
biomaterials that can exert a desired biological function in the body
[1–4]. In the case of musculoskeletal regeneration, andmore specif-
ically the regeneration of bone tissue, the promise of synthetic bone
graft substitutes is to offer an inexpensive replacement of natural
bone grafts, i.e. auto-, allo- and xenografts that is also available in
large quantities. Calcium phosphate (CaP) ceramics, such as
hydroxyapatite (HA), b-tricalcium phosphate and the mixtures of
the two are among the most widely used and clinically most suc-
cessful bone graft substitutes, owing to their close chemical resem-
blance to the mineral portion of bone [5]. Indeed, bone mineral has
a structure similar to type AB carbonated CaP apatite [6].
Furthermore, bioactivity of CaP [7,8] in terms of osteoconduc-
tion, bone bonding and occasionally osteoinduction [9] makes
them excellent candidates for bone repair and regeneration. Never-
theless, despite the use of CaPs for over four decades in the fields of
orthopedics and dentistry, in general, their bioactivity is still con-
sidered inferior to that of their natural counterparts. Furthermore,
the brittleness of CaP ceramics is a significant limitation for their
use, in particular in load-bearing locations.
Various strategies have been considered to improve the bioac-
tivity of bone graft substitutes, while retaining their synthetic
character. In the case of CaP-based bone graft substitutes, varia-
tions in chemical composition have often been used as a means
to control their in vivo degradation, and therewith, the hypotheti-
cal rate and the extent of new bone formation. For example, bipha-
sic CaP ceramics in which the ratio between the CaP phases can be
tuned to modulate their in vivo degradability were used to maxi-
mize their osteoinductive potential [10–12]. Also the architecture
of such materials has been suggested to play an important role at
different scales, varying frommacroscopic porosity down to nanos-
cale surface topography [13–16]. More generally, surface topo-
graphical features of biomaterials have recently been elegantly
shown to be a powerful tool to control cell fate [17–20]. Such stud-
ies commonly employ highly precise methods stemming from the
field of micro- and nanotechnology and materials that are amen-
able to processing using such techniques. Therefore, the translation
of data obtained from such studies to the behavior of bulk func-
tional materials is not always trivial. CaP ceramics, for example,
are relatively complex materials, with an intertwined set of
physico-chemical properties. This makes it difficult to modify one
property without thereby affecting one or more of the others. As
a result, correlating any type of biological response to one or a
combination of properties is difficult, and yet this is a very impor-
tant step in the process of designing new bone graft substitutes
with functionality equal to the autograft. In our earlier studies,
we elaborated on the individual effects of calcium (Ca2+) and inor-
ganic phosphate (Pi) ions, by developing composite materials con-
sisting of a polymer and either a calcium- [21] or a phosphate salt
[21,22]. More recently, an attempt was made to separate the chem-
ical effect of CaP from the stiffness of the material, demonstrating
the role of both properties in osteogenic differentiation of human
periosteal derived progenitor cells [23].In the present study, the focus was on the microstructural sur-
face properties on the one hand, and the local Ca2+ and Pi concen-
trations on the other. To this end, a composite material consisting
of poly(lactic acid) (PLA) and nanometer-sized HA powder with
engineered surface features at the micrometer scale was used. In
our recent study, the proof-of-concept was shown that such a
surface-microstructured composite is useful for studying the inde-
pendent effects of the presence of CaP and microstructure on the
expression of osteogenic markers by hMSCs [24]. Ceramic/polymer
composites are considered a promising family of biomaterials in
which the bioactivity of CaPs and versatile mechanical properties
of polymers are combined. This specific PLA/HA composite con-
tains CaP in the same phase as that used for the production of
CaP ceramic bone graft substitutes. Furthermore, its degradation
rate and consequent release of Ca2+ and Pi, can be controlled in a
relatively facile fashion by varying the molecular weight of PLA,
as the polymer with a lower molecular weight has been shown
to degrade faster and thus release more ions than the polymer hav-
ing a higher molecular weight [25]. In a number of studies, com-
posite materials based on PLA and HA have shown to support
attachment, growth and osteogenic differentiation of MSCs and
(pre)osteoblasts [26–28]. In vivo, PLA/HA composites could suc-
cessfully heal a 6 mm femoral intercondylar defect in rabbits and
a critical-sized cranial defect in rats [29,30], and even osteoinduc-
tivity of PLA/HA composites was demonstrated upon intramuscu-
lar implantation in dogs or sheep [25,31,32].
Another reason for choosing PLA/HA composite in the present
study is its amenability to surface micropatterning using soft
lithography, in contrast to classically sintered CaP ceramics. We
used replica molding to generate materials with distinct surface
topographies at the micrometer scale. Replica molding is a com-
mon molding-based soft lithography technique that has a long his-
tory of use in fabrication of microelectromechanical systems
(MEMS) by the precise control of ordered structures such as pits,
pillars, grooves, and wells at the micrometer scale [33–35]. Soft
lithography techniques have been successfully used to transfer
well-defined micro-sized patterns from silicon or stainless steel
masters to surfaces of biomaterials [36–38], allowing the recre-
ation of controlled microenvironments and an in depth study of
the influence of surface properties on cell behavior [39,40].
We have previously shown that a comparison between a poly-
mer and its composite with HA, with or without surface
microstructure, is useful to distinguish between the chemical and
the structural effects on cell differentiation [24]. Here, we hypoth-
esized that both the molecular weight of PLA, which is known to
affect the composite degradation rate and release of Ca2+ and Pi,
and the surface-microstructural features will both influence the
growth and differentiation of hMSCs. To test this hypothesis, two
distinct microscale topographies, namely pits and pillars with
identical sizes were imprinted into two PLA/HA composites based
on two molecular weights of PLA as well as in polymeric controls
without CaP. The rationale behind the choice of these topographies
was the previously suggested effect of concavities on processes
related to bone formation [41–43]. HMSCs were cultured on these
materials, and their attachment, proliferation and osteogenic dif-
ferentiation were assessed, along with the analysis of Ca2+ and Pi
concentrations and material degradation during culture.
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2.1. Preparation of PLA/HA composites and micropatterning of their
surface
Two types of composite materials were prepared, one using
low-molecular-weight (55,000–59,000 Da) poly(D,L-lactic acid) (L-
PLA, ANaBior, France) and one using high molecular weight
(400,000 Da) PLA (H-PLA, Purac, the Netherlands). HA powder
was synthesized using a wet precipitation method, which was pre-
viously shown to result in phase-pure particles with a width of
69.9 ± 12.8 nm and a length of 308.7 ± 61.2 nm [25,44]. To produce
the composite material, a mixture of 50 wt.% PLA and 50 wt.% HA
was prepared and extruded using a conical non-converging twin-
screw extruder (Artecs BV, Enschede, the Netherlands) at a temper-
ature of 150 C, using a screw speed of 100 rpm with a 5-min
premixing, as described previously [25]. Control materials made
of L-PLA or H-PLA without HA were produced using the same pro-
cedure. Then, PLA/HA composites and PLA controls were shaped
into pellets with a diameter of 10 mm using a metal frame mold
and a heating press at 120 C (for L-PLA/HA composite and L-
PLA) or 150 C (for H-PLA/HA composite and H-PLA) and 30 kN
for 5 min.
Pulsed femtosecond laser micromachining (Lightmotif,
Enschede, the Netherlands) was used to produce a stainless steel
master containing 25 different topographies, including the pits
used in this study. Inverse polydimethyl siloxane (PDMS) molds
of the selected pits topography were prepared by casting the sili-
cone elastomer base resin (Sylgard 184, Dow Corning, USA), mixed
with the curing agent at a 10:1 ratio, over the stainless steel mas-
ter. The PDMS precursor and master were then placed together
under vacuum to evacuate air bubbles and left at ambient temper-
ature for 2 days, followed by incubation at 50 C to allow polymer-
ization. Upon removal, the PDMS negative replica (thus with
pillars) was used to produce a second PDMS replica (with pits)
using the same method. Both PDMS replicas were subsequently
used as molds to pattern surfaces of composite and polymer pellets
by hot embossing at 120 C (for L-PLA/HA composite and L-PLA) or
150 C (for H-PLA/HA composite and H-PLA) for 10 and 6 min for
composites and polymers, respectively. The rationale for selecting
the dimensions of pits and pillars (15–20 lm in the x-y direction
and depth/height of 4 lm) comparable to the single cell size was
the previously demonstrated effect of (sub)cellular size topograph-
ical features on cell shape, and consequently on cell proliferation
and/or differentiation [20,45,46].
Samples embossed with a flat PDMS mold without topography
served as controls. Gold-sputtered patterned surfaces were ana-
lyzed using scanning electron microscopy (SEM) in the secondary
electron mode, with an acceleration voltage of 10 kV for compos-
ites and 5 kV for polymers. The SEM was equipped with an energy
dispersive X-ray spectroscopy module (EDS; Apollo X, Ametek)
that allowed elemental analysis of the surface. As a preparation
for cell culture, the samples were placed in low-attachment 48-
well plates and fixed with O-rings. They were then immersed in
70% isopropanol for 30 min with two refreshments every 10 min,
and after complete evaporation thoroughly washed with sterile
phosphate-buffered saline (PBS).2.2. Cell culture on imprinted PLA/HA composites and polymers
HMSCs were isolated from bone marrow aspirates obtained
from a healthy donor after written informed consent and expanded
as described previously [47,48]. In brief, bone marrow aspirates
(5–20 ml) were resuspended with 20 G needles, plated at a density
of 5  105 cells cm2 and cultured in proliferation mediumcomprising a-minimal essential medium (a-MEM; Gibco), 10%
fetal bovine serum (FBS; Lonza), 4 mM L-glutamine (Gibco),
0.2 mM ascorbic acid (Sigma Aldrich), 100 U ml1 penicillin
(Gibco), 100 lg ml1 streptomycin (Gibco), and 1 ng ml1 basic
fibroblast growth factor (bFGF) (Instruchemie, the Netherlands).
Cells were expanded at 37 C in a humidified atmosphere with
5% CO2. Medium was refreshed twice weekly, and cells were sub-
cultured until 80% confluency. This expansion procedure was pre-
viously shown to result in cells that are positive for typical markers
of hMSCs including integrin CD29, matrix receptors CD44 and
CD105, and stromal cell associated marker CD166 [47]. The pas-
sage 3 cells were used for all experiments.
Prior to cell seeding, the PLA/HA and PLA pellets were incubated
overnight in either basic medium (BM; proliferation medium with-
out bFGF) or in osteogenic medium (BM supplemented with 10 nM
dexamethasone, a known stimulator of osteogenic differentiation
[48,49]) at 37 C in a humidified atmosphere with 5% CO2. For
the analysis of cell morphology, 4000 cells were seeded on each
sample in BM. For the assessment of proliferation, osteogenic dif-
ferentiation and gene expression of cells, and for the analysis of
Ca2+ and Pi concentration and material surface changes during cul-
ture, 10,000 hMSCs were seeded on each sample and incubated in
either BM or OM. The media were refreshed every 2–3 days.
2.3. Cell morphology assessment
Cell morphology assessment was performed after 3 days of cul-
ture in BM (n = 3, except for flat L-PLA and pits-patterned H-PLA,
where n = 2 was used, because the third sample was damaged dur-
ing processing). The samples were washed with PBS and fixed with
4% paraformaldehyde for 20 min. To perform immunofluorescence
staining and analysis, the samples were permeabilized with 0.1%
Triton X-100 for 5 min and blocked with 1% bovine serum albumin
(BSA) in PBS. Cell cytoskeleton was stained by phalloidin conju-
gated to Alexa Fluor 488 (1:60 dilution in 1% BSA in PBS; Invitro-
gen), and DAPI (in 1% BSA in PBS) was used to stain cell nuclei.
Cell imaging on eight randomly selected areas of each sample
was performed using fluorescence microscopy (BD Pathway 435,
BD Biosciences). The analysis of the cell shape parameters was per-
formed using CellProfiler (Broad Institute, USA) with built-in mod-
ules (MeasureObjectSizeShape), according to the detailed manual
published previously [50]. This module measures several area-
and shape features of identified objects and for this study, cell area,
cell perimeter and minor axis length were selected. The number of
cells used for the analysis varied between approximately 400 and
1400 for all the materials, except for flat H-PLA where the total
number of cells was 64.
2.4. Cell proliferation and osteogenic differentiation
Cell proliferation was assessed after 3, 7 and 14 days of culture
(n = 4). Total DNA was quantified as a measure of cell number
using CyQUANT Cell Proliferation Assay kit (Life Technologies)
according to the manufacturer’s protocol. In short, after 3 cycles
of freeze/thaw at -80 C, 500 ll lysis buffer (lysis buffer provided
in the kit diluted in a buffer of NaCl-EDTA solution) was added to
each well. The samples were ultrasonicated and incubated at room
temperature for 1 h. After centrifugation, the lysis buffer was col-
lected and the DNA content was measured by mixing 100 ll of
the supernatant with the same volume of CyQuant GR dye in a
96 well micro-plate followed by incubation for 15 min. Fluores-
cence measurements for DNA quantification were done at excita-
tion and emission wavelengths of 480 and 520 nm, respectively,
using a spectrophotometer (Victor3, Perkin Elmer).
Alkaline phosphatase (ALP) activity, an early marker of osteo-
genic differentiation, was determined after 7 and 14 days of cul-
Table 1
Primer sequences used for qPCR analysis.
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Applied Science), according to the manufacturer’s protocol. In
short, 10 ll of the lysis buffer used for quantifying DNA content
was mixed with 40 ll CDP-star reagent in a 96 well micro-plate
and incubated for 30 min. After incubation, chemiluminescence
measurements were completed at 466 nm. The ALP activity was
normalized for the DNA content.
To evaluate the influence of surface topography and chemical
composition of the samples on the expression of the markers of
osteogenic differentiation at the mRNA level, hMSCs were cultured
for 7 and 14 days (n = 3). Total RNA of the cells was extracted by
using a combination of TRIzol (Invitrogen) and a Nucleospin
RNA isolation and purification kit (Macherey-Nagel GmbH & Co.).
1 mL of TRIzol reagent was added to each well. Following one
freeze/thaw cycle, 200 lL chloroform was added, and after mixing
and centrifugation the aqueous phase of each sample was collected
and mixed with 350 lL 70% ethanol before loading onto the RNA
binding column of the NucleoSpin RNA II isolation kit. Subsequent
steps were in accordance with the manufacturer’s protocol.
First strand cDNA was synthesized using iScript (Bio-Rad).
Quantitative real-time PCR was performed and CT values were nor-
malized to the glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) housekeeping gene and fold induction was calculated
using the comparative DDCT method. The expression of hMSCs
cultured on flat H-PLA for 7 days in BM served as a calibrator. Pri-
mer sequences of the selected markers bone morphogenetic pro-
tein 2 (BMP-2), runt-related transcription factor 2 (Runx2),
osteopontin (OP), ALP and collagen type 1 (Col-I) are given in
Table 1.
2.5. Quantification of Ca2+ and Pi concentration in cell culture medium
Cell culture medium (n = 4) was collected during refreshments
after 3, 7 and 14 days of culture. Ca2+ and Pi content of the medium
was determined using QuantiChrom calcium assay kit and phos-
phate assay kit (BioAssay, USA), respectively, according to the
manufacturer’s protocol. Medium containing cells but not materi-
als, and medium without either cells or materials served as con-
trols. The absorbance was read with a spectrophotometer
(MultiskanTM GO, Thermo Scientific) at 612 nm and 620 nm for
Ca2+ and Pi, respectively. At day 14, the samples were evaluated
using SEM and EDS as described above.
2.6. Statistical analysis
Cell proliferation and differentiation results were tested for sta-
tistical differences with factorial ANOVA, using the univariate gen-
eral linear model in SPSS Statistics 22 (IBM). The model was
selected via an iterative approach, first including all possible inter-
actions and subsequently removing the non-significant interaction
terms if the adjusted-R2 remained the same or decreased. The Bon-
ferroni post-hoc test was used for pairwise comparisons between
groups. Cell morphology results were compared using the 2-way
ANOVA, followed by the Bonferroni post-hoc test for pairwise com-
parison. All results are presented as mean ± SD. The level of statis-
tical significance was set as p < 0.05.3. Results
3.1. Characterization of micropatterned PLA and PLA/HA
To investigate individualeffectsof surfacemicroscale topography
and chemical composition on the behavior of hMSCs, the surfaces of
the four materials L-PLA/HA, H-PLA/HA, L-PLA and H-PLA were pat-
terned by pits and by pillars, while flat materials served as controls.SEMmicrographs (Fig. 1) showed that all surfaces were successfully
patterned with either pits or pillars. Both topographies had an oval
shape and their dimensions were similar, with a major axis length
of about 20 lm, minor axis length of about 15 lm, and center-to-
center distance of about 30 lm. The height of the pillars was mea-
sured to be 4.0 ± 0.1 lm, which is expected to be the same as the
depth of the pits. No differences in topographical dimensions were
observed between the composites and the polymers, or between
composites/polymers with a different molecular weight of PLA.
EDS spectra of the two composite materials showed pro-
nounced calcium and phosphorus peaks (Fig. 2a, and b), which
were absent in the spectra of the PLA samples (Fig. 2c and d). Ele-
mental mapping of calcium and phosphorous demonstrated a
homogenous distribution of the ceramic phase, independent of
the molecular weight of PLA (Fig. 2e–h).3.2. Cell attachment and morphology
Fluorescence microscopy images (Supplementary Fig. 1) of cells
cultured for 3 days revealed that all materials, independent of the
chemistry or topography, allowed the attachment of hMSCs. The
cells on flat and pits-patterned surfaces displayed a well-spread
morphology. In contrast, the spreading of cells grown on pillars-
patterned surfaces was somewhat less pronounced. Based on these
qualitative observations, no obvious differences were seen in cell
morphology when different material chemistries are considered.
CellProfiler-based analysis of fluorescent micrographs con-
firmed that the three morphology parameters, i.e. cell area, cell
perimeter and minor axis length were affected by the surface
topography (Fig. 3). The strongest effect was observed on the com-
posite materials, where cells cultured on pillars-patterned sub-
strates consistently showed a lower area, perimeter and minor
axis length than the cells cultured on flat or pits-patterned sub-
strates. This was the case both for L-PLA/HA and H-PLA/HA. Fur-
thermore, in the case of L-PLA/HA, the values for the three
parameters observed on the flat substrate were significantly lower
as compared to pits-patterned L-PLA/HA. These differences were
not observed on high-molecular-weight composite. On the two
polymers, the effect of topography was less pronounced. Neverthe-
less, on L-PLA, the pits-patterned substrate showed a higher cell
area, perimeter and minor axis length than the pillars-patterned
and flat substrate. Furthermore, the perimeter of the pillars-
patterned L-PLA was higher than that of the flat control. In contrast
to L-PLA, the cell area, cell perimeter and the minor axis length
were higher on pillars-patterned H-PLA as compared to the pits-
patterned and flat substrate.
The effects of substrate chemistry (i.e. presence/absence of CaP
and low/high molecular weight of PLA) were also observed, but
Fig. 1. Top view SEM images of pits-patterned, pillars-patterned and flat L-PLA/HA, H-PLA/HA, L-PLA and H-PLA, and side view SEM images of L-PLA of both patterns, which
are representative of all materials. Scale bar 20 lm. All materials were successfully patterned by both pits and pillars. Both topographies had an oval shape in the x-y plane,
with the long axis of approximately 20 lm, short axis of 15 lm and center-to-center distance between individual pits/pillars of 30 lm. Their depth/height was approximately
4 lm.
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phy. In general, differences between chemically different materials
were small or non-existent on flat substrates, while on the pat-
terned substrates, some significant differences were observed.
For example, on pillars-patterned substrates, cells cultured on
polymers showed higher values for the three morphology parame-
ters than those cultured on composite materials. Furthermore, for
pits-patterned substrates, the cell spreading on low-molecular
weight polymer/composite appeared somewhat more pronounced
than on their high-molecular weight counterparts.
Taken together, these data suggested the effect of both
surface topography and substrate chemistry on the morphology
of hMSCs.
3.3. Cell proliferation on micropatterned PLA and PLA/HA
The combined DNA quantity of cells cultured on different sub-
strates for 3, 7 and 14 days was used as a measure of cell prolifer-
ation. The results showed that all substrates supported the growth
of hMSCs over the 14-day culture period in both BM (Fig. 4) and
OM (Supplementary Fig. 2).In BM, an increase in DNA amount was observed between days
3 and 7 on all materials, after which it remained stable until day
14. Regarding the effect of the chemical composition, at day 3,
there was more combined DNA from cells cultured on L-PLA/HA
than from cells cultured on H-PLA, for all topographies. After
7 days, cells cultured on either composite showed higher DNA val-
ues than those cultured on the polymers, independent of molecular
weight or topography. The same observation was made at 14 days,
with as additional difference that between L-PLA/HA and H-PLA/
HA. No significant effect of topography on DNA amount was
observed after 14 days. The trend of cell proliferation in OM was
in general similar to that in BM (Supplementary Fig. 2).
These data suggested that chemistry, and more specifically, the
presence of CaP, had a positive effect on cell proliferation, whereas
the effect of surface topography was negligible.
3.4. Osteogenic differentiation of hMSCs on micropatterned PLA and
PLA/HA
Enzymatic ALP activity of cells cultured on different materials
for 7 and 14 days was measured and normalized for DNA amount,
Fig. 2. EDS spectra (a–d) of flat L-PLA/HA, H-PLA/HA, L-PLA and H-PLA, respectively and calcium (e, g) and phosphorus (f, h) elemental maps of flat L-PLA/HA and H-PLA/HA
respectively. These data are also representative for the patterned surfaces. Scale bar 20 lm. Calcium and phosphorous peaks were only seen in the spectra of the two
composites, but not in the spectra of the polymers. A homogenous distribution of both elements was observed for both L-PLA/HA and H-PLA/HA, suggesting a homogenous
distribution of the ceramics phase within the composite.
L. Sun et al. / Acta Biomaterialia 42 (2016) 364–377 369as a marker of early osteogenic differentiation (Fig. 5 and Supple-
mentary Fig. 3 for culture in BM and OM, respectively). Further-
more, the mRNA transcript expression of a set of markers of
osteogenic differentiation (BMP-2, Runx2, ALP, Col-I and OP) was
determined at the same time points (Fig. 6 and Supplementary
Fig. 4, for culture in BM and OM, respectively).
In BM, at 7 days, the ALP activity of cells cultured on the two
composites appeared somewhat higher as compared to the culture
on the polymeric substrates, although no statistically significant
differences were measured. ALP activity increased between 7 and
14 days for all conditions. At 14 days, cells cultured on H-PLA/HA
showed significantly higher ALP values as compared to the other
three chemistries. No significant topography effects were observed
on ALP activity at 14 days. The ALP activity of the cells cultured in
OM was in general higher than what was observed upon culture in
BM, with an increase between 7 and 14 days. The results of culture
in OM showed a similar trend to that observed in BM; no signifi-
cant differences among the materials at 7 days, and in general
higher ALP activity on H-PLA/HA as compared to the other three
chemistries at 14 days. A small effect of topography was seen on
H-PLA/HA and L-PLA substrates (for more detailed information
see Supplementary Information).
Regarding the mRNA transcript expression, in BM, it was gener-
ally observed that the expression of BMP-2, Runx2 and OP was
upregulated on L-PLA/HA as compared to the other three chemis-
tries, at both time points. The expression of ALP on L-PLA/HA was
higher than on H-PLA/HA for all topographies and at both time
points, however, these differences were very small, with little bio-
logical relevance. At both 7 and 14 days, the mRNA expression of
BMP-2 was significantly higher when cells were cultured on L-
PLA/HA as compared to the other three materials, and this differ-
ence was independent of the surface topography. The same effect
was observed for the expression of Runx2 (although the fold
change was only about 1.5 times), with the exception of the flat
substrate at 14 days. Also the expression of OP in cells cultured
on pits-patterned L-PLA/HAwas significantly elevated as compared
to that of cells cultured on the other three pits-patterned sub-
strates, at both time points. Differences in Col-1 expression were
small, with a downregulation on H-PLA/HA as compared to the
other three materials, for both patterned and unpatterned
substrates.
The effect of topography was most pronounced on L-PLA/HA.
BMP-2 expression was higher on pillars-patterned and on bothpillars-and pits-patterned L-PLA/HA at 7 and 14 days, respectively.
Similarly, the expression of Runx2 and OP was higher on pits-
patterned than on flat L-PLA/HA at both time points. In contrast,
at day 14, the expression of ALP on all patterned substrates was
lower than on the flat substrates, although these differences were
very small.
When culture in OM is considered, a general observation was
that the addition of dexamethasone strongly suppressed the
expression of BMP-2 and OP at both 7 and 14 days, while it signif-
icantly increased the expression of ALP at both time points as com-
pared to BM. No obvious effect of OM was observed on the
expression of Runx2 and Col-1. Furthermore, the effect of biomate-
rials properties, with an emphasis on chemistry, seemed less pro-
nounced as compared to the culture in BM (for more detailed
information, see Supplementary Information).
Taken together, while a mild effect of surface topography was
observed on the ALP enzymatic activity of hMSCs, the main effect
was due to the presence of CaP. Similarly, the expression of BMP-
2, OP and to a lesser extent Runx2 and Col-1 at the mRNA level
was mainly affected by the chemical properties of the materials,
with the composite made from L-PLA having the strongest positive
effect. The topography played a role, although a less pronounced
one, on the osteogenic differentiation of hMSCs as well.
3.5. Ca2+ and Pi concentration profile and material surface changes
during cell culture
Ionic concentration analysis (Fig. 7) indicated that cell culture
medium containing L-PLA/HA contained significantly lower Ca2+
concentrations as compared to the other three chemistries, inde-
pendent of the topography. Regarding the changes in time, it was
observed that L-PLA/HA showed an increase in the concentration
between day 3 and 7, remaining stable thereafter. In contrast, the
other three materials showed a drop in the concentration between
the first two time points, with concentration remaining stable
between day 7 and 14. In line with Ca2+ measurements, lower Pi
concentration values were found in L-PLA/HA incubation medium
as compared to the other three materials. Furthermore, the H-
PLA/HA samples also had lower Pi concentrations than the two
polymers, but higher than L-PLA/HA at days 3 and 14. Regarding
chronological change, while the concentration of medium contain-
ing polymers did not change over time, in composites, an increase
between 3 and 7 days and a decrease between 7 and 14 days were
Fig. 3. Quantification of cell morphology parameters cell area, cell perimeter and minor axis length (mean ± SD) by CellProfiler using fluorescence microscopy images of
hMSCs (n = 2 for pits-patterned L-PLA and flat H-PLA, n = 3 for all other conditions, 8 areas per image) cultured for 3 days in basic cell culture medium on L-PLA/HA, H-PLA/HA,
L-PLA and H-PLA and stained with phalloidin (green, cell cytoskeleton) and DAPI (blue, cell nuclei). For clarity, only the significant differences (p < 0.05) between the
topographies within each chemistry are indicated on the graphs (letters indicate the comparisons made and asterisks the statistically significant differences). The three
parameters were consistently lower on pillars- than on pits- patterned surfaces on L-PLA/HA, H-PLA/HA and L-PLA, but not on H-PLA, where the opposite was the case.
Chemical composition of the materials had a less pronounced effect on cell morphology compared to surface microstructure.
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Fig. 4. DNA amounts (mean ± SD) of hMSCs (n = 4) cultured for 3, 7 and 14 days in basic medium on L-PLA/HA, H-PLA/HA, L-PLA and H-PLA. For clarity, only the significant
differences (p < 0.05) between the materials within each time point are indicated on the graphs (letters indicate the comparisons made and asterisks the statistically
significant differences). After 3 days, the only significant difference was observed between L-PLA/HA and H-PLA. After 7 days, both composite materials showed higher total
DNA values than the two polymers. This was the case after 14 days too, when also L-PLA/HA showed more DNA than H-PLA/HA. No significant effects of the topography were
observed.
Fig. 5. ALP activity (mean ± SD), normalized for DNA amount, of hMSCs (n = 4) cultured for 7 and 14 days in basic medium on L-PLA/HA, H-PLA/HA, L-PLA and H-PLA. For
clarity, only the significant differences (p < 0.05) between the materials within each time point are indicated on the graphs (letters indicate the comparisons made and
asterisks the statistically significant differences). While no significant differences among the materials were observed at 7 days, at 14 days, the enzymatic ALP activity on H-
PLA/HA was higher than that on the other three materials. No significant effects of the topography were observed.
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Fig. 6. The normalized expression (mean ± SD) of a set of osteogenic markers at the mRNA transcription level of hMSCs (n = 3) cultured for 7 and 14 days in basic medium on
L-PLA/HA, H-PLA/HA, L-PLA and H-PLA, with the expression of cells cultured on H-PLA for 7 days as a calibrator. For clarity, only the significant differences (p < 0.05) between
the materials within each time point are indicated on the graphs (letters indicate the comparisons made and asterisks the statistically significant differences). A general trend
observed was that the expression of osteogenic markers was the highest when cells were cultured on L-PLA/HA, with the exception of Col-1, where no differences were
observed between L-PLA/HA and the two polymers. Some topographical effects were seen as well, in particular on the expression of BMP-2 and OP in L-PLA/HA where both
topographies and pits pattern respectively showed a higher expression as compared to the unpatterned control.
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Fig. 7. Ca2+ and Pi concentrations (mean ± SD) during cell culture in basic medium (n = 4) for up to 14 days on L-PLA/HA, H-PLA/HA, L-PLA and H-PLA. Medium from cell
culture on tissue culture plastic served as a control. At all time points, the Ca2+ concentration of the medium containing L-PLA/HA was consistently lower than that of the
other three materials, and was independent of the topography. Also the changes in time were different, with an increase in Ca2+ concentration between days 3 and 7, and a
small decrease between days 7 and 14 in the case of L-PLA/HA, and an opposite trend in the other three materials. Similar effects were observed for the Pi concentration, with
significantly lower amounts measured in L-PLA/HA medium, followed by H-PLA/HA medium, while no differences between the two polymers and the control were observed.
Also here, an obvious increase in the concentration between day 3 and day 7 and a decrease between days 7 and 14 was observed for both composite materials and
independent of the topography.
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both Ca2+ and Pi (Supplementary Fig. 5).
SEM analysis of the materials after 14 days of cell culture in BM
(Fig. 8a) exhibited the presence of an extensive number of submi-
cron pores in L-PLA/HA on both flat and patterned surfaces, while
no such pores were observed on H-PLA/HA surface. L-PLA samples
exhibited cracks, and the surface appeared more flat, with
decreased dimensions of pits and pillars. No cracks were observed
on H-PLA surface, and although a small decrease of the surface fea-
ture dimensions was seen, the surface appeared little affected. No
obvious mineral deposits were observed on any of the substrates.
The EDS elemental analysis of the two composite materials
(Fig. 8b) showed that P/C and Ca/C ratios increased for both L-
PLA/HA and H-PLA/HA during 14-day cell culture, while the Ca/P
remained fairly constant.
4. Discussion
This study was an attempt to combine biomaterials that are
already used as bone graft substitutes and tools from microtech-
nology to distinguish between the effects of the chemical composi-
tion and surface microstructure on the attachment, proliferation
and osteogenic differentiation of clinically relevant hMSCs. Com-
posite materials are commonly used with the aim to exploit the
bioactivity of CaPs, while compensating for their intrinsic brittle-
ness. Soft embossing was used to successfully transfer the
micropatterns, initially created using laser micromachining, into
both polymeric and composite substrates, regardless of the molec-
ular weight of the polymer.
Here, we selected pits and pillars, both to test the direct effect of
the topography on the cells but also because it was expected that
local ionic concentrations of Ca2+ and Pi in the patterned compos-
ites may be different between the two topographies. This soft
embossing technique can, however, be used for a wide range of
structures including biomimetic ones [24], and can be applied todifferent polymers. For example, we have used it to pattern the
surface of polystyrene with features of different scales and levels
of order (Supplementary Fig. 6).
The analysis of the parameters of cell morphology revealed that
both the chemical composition and the topographical features had
an effect. The three selected parameters, cell area (the actual num-
ber of pixels in the selected region), perimeter (the total number of
pixels around the boundary of the selected region) and minor axis
length (the length (in pixels) of the minor axis of the ellipse that
has the same normalized second central moments as the region)
are all related to the cell spreading. In general, the spreading of
the cells was more pronounced on the pits- than on pillars-
patterned substrates. This observation was, however, dependent
on the surface chemistry. While the spreading on pillars-
patterned composites was significantly less pronounced as com-
pared to pits-patterned and unpatterned composites, on L-PLA, this
difference was smaller, and on H-PLA even an opposite trend was
observed, with a more pronounced spreading on pillars- than on
pits-patterned and flat H-PLA. This suggests that the cell morphol-
ogy is also affected, to a different extent, by the molecular weight
of the polymer and by the presence of CaP. While there is no defini-
tive correlation between cell morphology and its fate, previous
studies have suggested that increased cell spreading facilitates
the osteogenic differentiation [51,52]. For example, in a study by
Chen et al. it was shown that hMSCs that attach, flatten and spread
differentiate along the osteogenic lineage, while a restriction in cell
size induces adipogenesis [52]. On the other hand, in a study by
Unadkat et al., where a high-throughput screening of a library of
topographies on PLA was performed, it was shown that the cells
with the highest ALP expression actually had a smaller cell area
and perimeter as compared to the cells cultured on flat control
[20]. In another study, it was shown that when hMSCs were cul-
tured on microcontact-printed substrates with similar size but
small differences in geometrical shape, osteogenic differentiation
was promoted on shapes that increased the cytoskeletal tension
Fig. 8. Top view SEM images of pits-patterned, pillars-patterned and flat L-PLA/HA, H-PLA/HA, L-PLA and H-PLA, (a) and the P/C, Ca/C and Ca/P atomic ratios of flat L-PLA/HA
and H-PLA/HA based on the EDS analysis (b) after 14 days of immersion in basic cell culture medium. The EDS quantification is representative for the patterned composites as
well. Scale bar 10 lm. L-PLA/HA exhibited cracks and micropores on the surface, giving it a rough appearance, which was not the case for H-PLA/HA. Similarly, L-PLA exhibited
many cracks, and an obvious decrease in the size of the topographical features. No such changes were seen on H-PLA. While an increase in both the amount of phosphorus and
calcium were observed for both composites, no significant changes in Ca/P ratio were observed.
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shape-guiding the hMSCs differentiation towards the osteogenic
lineage [54].
Surface micropatterns did not appear to have an effect on cell
proliferation. Reports exist on the effect of surface topography on
the proliferation of hMSCs [55–57], however, in these studies,
either titanium or titania/alumina ceramics and nanoscale topo-
graphical features were tested. While we did not observe an effect
of the surface structure, the effect of material chemistry was evi-
dent. DNA amounts of cells cultured on the composites, and inparticular on L-PLA/HA, were higher than when cells were cultured
on either polymer. Conflicting reports exist regarding the effect of
PLA/HA composite on the proliferation of hMSCs [44,58], which
suggests that other properties, apart from the presence of the cera-
mic phase, are also of influence on cell growth. Regarding the more
specific chemical effect, in recent studies, it was demonstrated that
elevated concentrations of Ca2+ in cell culture medium, signifi-
cantly enhanced the proliferation of hMSCs [21,59]. In an earlier
study, in which the materials similar to L-PLA and L-PLA/HA used
here were investigated, the support of hMSC proliferation was
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immersion of the materials into a buffered simulated physiological
solution, remained constant in the case of the polymer, and
decreased with a value of approximately 1 in the case of the com-
posite. Considering that the cell culture medium is also buffered, it
is not plausible that the drop in the pH of the medium in the pres-
ence of PLA may have had a negative effect on cell proliferation,
and therefore, the presence of the ceramic itself, and the released
ions is most probably responsible for the enhanced proliferation.
The osteogenic differentiation of the cells appeared to be
affected by both the chemical composition and the topography,
with the latter effect being much less pronounced. Furthermore,
the extent of the effect was dependent on the markers used. While
the ALP enzymatic activity appeared to be somewhat affected by
the chemistry of the substrate, with cells cultured on H-PLA/HA
showing higher values than those on the other substrates, at the
mRNA transcript level, the differences in ALP expression were very
small. A significant effect was observed for the type of medium,
where the addition of dexamethasone enhanced the expression
and activity of ALP, which is a well-known effect [59–61], whereas
the effects of material chemistry or surface structure were non-
existent or too small to have a biological meaning. The materials
had a much stronger effect on the mRNA expression of BMP-2
and OP, where an upregulation of both markers was observed
when hMSCs were cultured on L-PLA/HA as compared to the other
three materials. This effect was previously shown for L-PLA/HA –
PLA comparison after 14 days of culture [24]. The effects of the
substrate chemistry were also observed on the expression of Runx2
and Col1, however, the expression of these markers was in general
low, with maximum differences of 1.5-fold, and therefore had little
biological significance. Interestingly, the effects of the chemistry
were observed when cells were cultured in BM, and the expression
was strongly downregulated upon the addition of dexamethasone
to the medium, which is in accordance with previous studies with
CaP materials [21,62]. An effect of the surface structure was
observed in the case of the OP and BMP-2 expression on L-PLA/
HA, where either the pits-patterned or both the pits- and the pillars
patterned substrates showed a higher expression than the unpat-
terned control. Surface structure effects on Runx2 and Col1 were
very small.
Regarding the effect of the chemical composition, previous
studies have shown that both the amount of CaP [32] in a compos-
ite material and the molecular weight of the polymer used [25] are
determinant for its bioactivity in vivo. A lower molecular weight of
the polymer has been suggested to lead to more swelling of the
composite, an enhanced degradation of the polymer and more
exposure of the CaP to the environment, eventually leading to ecto-
pic bone formation [25]. In another study, it was shown that locally
elevated levels of Pi led to collagen mineralization, a process which
is of great importance in bone regeneration [22]. In vitro, the
expression of BMP-2 and OP was enhanced at elevated Ca2+ and/
or Pi levels [21,59].
In the current study, the measurements of the concentrations of
the two ions consistently showed lower values of both in the
media containing L-PLA/HA as compared to the other three mate-
rials. Similar observations were made previously when CaP con-
taining materials were shown to deplete the medium of Ca2+ and
Pi [44,63]. Interestingly, this was only the case when the medium
was saturated with Ca2+ and/or Pi, like in the case of cell culture
medium or simulated body fluid [44]. In media that are initially
not saturated with these ions, such as simulated physiological
solution of phosphate buffered saline, the release of the ions was
observed instead [25,44]. It should be noted that the colorimetric
method used in the current study to measure Ca2+ and Pi concen-
trations may not be sensitive enough to precisely measure lowrelease levels in a medium that is already highly saturated with
both ions. Nevertheless, the relative differences in the released
amounts should give a reliable indication of the differences in
the behavior of the four materials tested.
SEM micrographs after cell culture showed that L-PLA/HA
exhibited a rough structure with cracks suggesting swelling, degra-
dation and erosion, and plausibly the release of Ca2+ and Pi ions.
This process could plausibly lead to the accumulation of Ca2+
and/or Pi ions in the form of complexes with e.g. serum proteins,
although we do not have evidence for this. While the concentration
of the two ions in the bulk of the medium was lower in the case of
L-PLA/HA as compared to the other materials, the ionic concentra-
tions in the vicinity of the material may be higher than in the bulk,
possibly explaining the positive effect on the expression of
calcium-responsive genes. Measuring this local concentration is,
however, not possible using the conventional elemental analytical
techniques.
Regarding the independent surface microstructure effects, to
the best of our knowledge, no direct comparison exists between
microsized pits and pillars on the osteogenic differentiation of
hMSCs. Previous studies have shown that surface microcavities
supported osteogenic differentiation of MSCs derived from human
dental pulp and induced superior bone formation as compared to
cells cultured on a smooth substrate [41]. Another report demon-
strated that mineral deposition by osteoblasts was enhanced on
the surfaces containing pits in vitro and in vivo [42]. Both these
studies were, however, performed with different type of cells and
using different materials. As discussed before, the relationship
between hMSCs shape and osteogenic differentiation has been pre-
viously suggested to lie in cell spreading and/or in cytoskeletal ten-
sion [52–54]. While we did not specifically study the latter
phenomenon in the current study, the possible effect of cell
spreading (more pronounced on pits-patterned as compared to
pillars-patterned and unpatterned composites) was not apparent
from the expression of osteogenic markers. Indeed, the effects of
micropatterns were only obvious in the case of L-PLA/HA and only
for BMP-2 and OP expression, however, not only pits-patterned but
also the pillars-patterned substrates showed a higher expression as
compared to the unpatterned composite.
Taken together, the results of this study showed that the pres-
ence of CaP had the most pronounced effect on the proliferation
and osteogenic differentiation of hMSCs, although there was an
effect of micropatterns as well, in particular in the case of L-PLA/
HA. Although we have specifically focused on the chemical and
microstructural properties, it is difficult to completely exclude pos-
sible effects of other properties, such as stiffness or surface charge,
which may also differ between the two types of composite/poly-
mer. This again shows that it is very difficult to separate individual
properties of functional biomaterials and warrants further
research. Nevertheless, this study contributes to strategies that
focus on rational design of synthetic biomaterials for biomedical
applications, whereby optimal properties for a desired response
are first identified and then combined to obtain improved func-
tional biomaterials.
5. Conclusion
This study demonstrated that combining ceramic/polymer
composite materials based on a polymer with different molecular
weights, with soft embossing is a successful way to decouple the
individual effects of chemical composition and surface microstruc-
ture on the behavior of hMSCs. While surface micropatterns had a
strong effect on cell attachment and morphology, the effect of
chemistry, i.e. (the extent of) the presence of CaP had a more pro-
nounced effect on cell proliferation and osteogenic differentiation,
376 L. Sun et al. / Acta Biomaterialia 42 (2016) 364–377in particular in the case of calcium-responsive genes. The data from
this study form a valuable input for designing improved synthetic
bone graft substitutes.
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